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ABSTRACT 17 
The quantification of archaeol, a methanogen membrane lipid, may provide an 18 
alternative method to estimate methanogen abundance. The focus of this study was to 19 
determine the location of methanogens in the ruminant digestive tract using this 20 
biomarker. Archaeol was quantified in samples obtained from four lactating cows 21 
with rumen cannulae that grazed on either white clover (WC) or perennial ryegrass 22 
(PRG) in a changeover design study with three 3-week periods. Faeces were collected 23 
over the final 5 d of each period and total rumen contents (TRC) were obtained on the 24 
final 2 days (day 1: 9am; day 2: 3pm). Solid-associated microbes (SAM) and liquid-25 
associated microbes (LAM) were also isolated from the TRC. Concentrations of 26 
archaeol in the TRC showed a significant diet by time interaction, which may be 27 
related to diurnal grazing patterns and different rumen conditions associated with 28 
PRG or WC diets. There was significantly more archaeol associated with SAM than 29 
LAM, which may reflect difficulties of methanogen proliferation in the liquid phase. 30 
Faeces had higher concentrations of archaeol than SAM and LAM which was 31 
unexpected, although, losses of methanogens may have occurred during isolation (i.e. 32 
attachment to protozoa and very small particles), or the methanogens associated with 33 
SAM may have been underestimated. There was no significant relationship between 34 
faecal and TRC archaeol concentrations. Finally, there was a significant positive 35 
relationship between rumen pH and concentrations of archaeol in SAM and LAM, 36 
which may be caused by pH and/or WC diet effects. In conclusion, archaeol is 37 
potentially a useful alternative marker for determining the abundance of methanogens 38 
in the ruminant digestive tract. This work has also highlighted the difficulties 39 
associated with methanogen quantification from microbial isolates, and the need for 40 
more representative rumen sampling in future studies.  41 
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1. Introduction 45 
 46 
This study investigated an alternative approach to study methanogen abundance 47 
involving the use of the lipid biomarker archaeol (2,3-diphytanyl-O-sn-glycerol). This 48 
is a core membrane lipid that is ubiquitous in methanogens, and is readily quantified 49 
by gas chromatography mass spectrometry. Previous studies have already assessed 50 
archaeol as a potential faecal biomarker for methanogens and methane production 51 
(Gill et al., 2011; McCartney et al., 2013a), where a significant positive relationship 52 
was found between total methanogens and methane production when looking at 53 
treatment means. Archaeol has also recently been assessed in parallel with 54 
quantitative real-time PCR (qPCR) techniques and it was found that archaeol was a 55 
useful complementary approach for estimating methanogen abundance (McCartney et 56 
al., 2013c).  57 
 58 
The purpose of this study was to use archaeol as a total methanogen proxy to provide 59 
insights into the location and abundance of methanogens in the digestive tract of cows 60 
grazing either perennial ryegrass (PRG) or white clover (WC). Archaeol was 61 
quantified in samples from the rumen, including total rumen contents, liquid-62 
associated microbes (LAM) and solid-associated microbes (SAM), and in faeces.  63 
 64 
2. Materials and Methods 65 
2.1. Animal study 66 
 4 
 67 
This study was conducted under a license issued under the UK Animal (Scientific 68 
Procedures) Act (1986). Four lactating Holstein-Friesian cows that had previously 69 
been prepared with rumen cannulae (Bar Diamond, Parma, ID) were used. At the start 70 
of the experiment the animals had an average BW of 694 kg (s.d. = 46.4), a BCS of 71 
2.7 (s.d. = 0.51) and were 104 days in milk (s.d. = 23.6). The BCS was determined 72 
according to Mulvany (1977). Animals were strip-grazed on pure stands of either 73 
perennial ryegrass (Lolium perenne cv. Fennema) or white clover (Trifolium repens 74 
cv. AberHerald) that had been re-growing for 21 to 27 days in a changeover design 75 
with three 3-week periods. In period 1, two animals grazed WC and 2 animals grazed 76 
PRG. In period 2, two animals switched diet, and in period 3 all animals switched 77 
diet. As a result two animals received the same diet in periods 1 and 2. Measurements 78 
were taken from all four animals in each period, resulting in six measurement periods 79 
per dietary treatment. All cows were supplemented with 4kg/d of pelleted 80 
concentrates (Table 1) and received 25 g/d of poloxalene (Bloat Guard, Agrimin Ltd., 81 
Brigg, Lincolnshire, UK). Cows were milked twice-daily (approx. 08:00 and 16:00 h) 82 
with milk yields recorded electronically (Tru-Test NZ Ltd, Auckland, NZ) and 83 
samples for analysis of milk components taken on four consecutive milkings at the 84 
end of each period. Milk samples were sent to NMR laboratories (National Milk 85 
Records plc, Chippenham, UK) for infrared milk analysis of milk fat, protein and 86 
lactose. 87 
 88 
Herbage samples (20 random snips to 6 cm) were collected daily and bulked weekly 89 
for feed composition analysis (described below). Cows were dosed via the rumen 90 
cannula with plastic pellets of different colours to identify their faeces in the field 91 
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(pellets were removed prior to analysis). Faecal samples were collected daily from the 92 
field over 5 days at the end of each experimental period (bulked proportional sample 93 
of all faeces deposited over the previous 5 days) and then lyophilized and finely 94 
ground for analysis. The dried faecal samples were stored at room temperature. 95 
Rumen contents were obtained by total rumen evacuation on the final 2 days of each 96 
period (day 1: 9am; day 2: 3pm). A 5% sub-sample was taken throughout the 97 
evacuation procedure (every twentieth bail) and composited for subsequent analysis 98 
and the remaining rumen contents were returned immediately on completion of the 99 
evacuation procedure. The weight, DM and NDF content of the total rumen contents 100 
was determined. Rumen fluid samples were taken using automatic samplers every 2 101 
hours for the 2 days prior to rumen evacuation for ammonia and VFA analysis. The 102 
pH was recorded (Oakton PC510 pH meter; Eutech Instruments BV, Nijkerk, The 103 
Netherlands) twice a day at morning and evening milking on the final 2 days of the 104 
experimental period. All chemical analysis of feed and rumen contents was performed 105 
using methods outlined by Dewhurst et al. (2000). Briefly, the DM was determined by 106 
toluene distillation, VFA concentrations were determiend using gas chromatography, 107 
crude protein was determined using a Kjeldahl procedure with Cu catalyst on 108 
‘Kjeltec’ equipment (Perstorp Analytical Ltd., Berkshire, UK). Detergent fibre 109 
analyses, NDF (with amylase) and ADF were determined using ‘Fibretec’ equipment 110 
(Perstorp Analytical Ltd., Berkshire, UK). Water-soluble carbohydrate were 111 
concentration was determined using an automated anthrone method (Method 9a; 112 
Technicon Industrial Systems, Tarrytown, NY), and starch by incubating with 113 
buffered amyloglucosidase prior to the automated anthrone method. Rumen ammonia 114 
concentration was determined using a test kit (No. 66-55; Sigma-Aldrich Co. Ltd., 115 
Poole, UK) on a discrete analyser. In vitro DOMD based on incubation with pepsin-116 
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cellulase was performed according to Jones and Hayward (1975). At the end of the 117 
experiment the animals had an average bodyweight of 665 kg (SD = 29.7) and an 118 
average BCS of 2.8 (SD = 0.34). 119 
 120 
2.2. Isolating SAM and LAM 121 
 122 
SAM and LAM fractions were obtained from the whole rumen contents collected at 123 
the 9am rumen evacuation following the protocol of Merry and McAllan (1983). To 124 
obtain the LAM fraction, total rumen contents were hand squeezed through 4 layers of 125 
cheesecloth to obtain 1000 mL of liquid before centrifugation for 10 min at low speed 126 
(500 × g). The supernatant was then centrifuged at high speed (25,000 × g) for 25 127 
min. After discarding the supernatant, the remaining pellet washed in saline (9g 128 
NaCl/L) before another high-speed centrifugation step for 25 min. The supernatant 129 
was discarded and the pellet washed in distilled water. After one final high-speed 130 
centrifugation step for 15 min, the supernatant was discarded and the remaining pellet 131 
freeze-dried before storage at -20ºC. To obtain the SAM fraction, 500 g of rumen 132 
contents that had previously been retained within the cheese cloth was gently washed 133 
with saline (9g NaCl/L). This was then hand squeezed twice before processing with 134 
320 mL of saline in a stomacher (Seward Ltd, West Sussex, UK) for 5 min. After the 135 
contents were centrifuged at low speed, with the resultant supernatant then 136 
centrifuged at high speed. After discarding the supernatant, the pellet was washed 137 
with saline then centrifuged at high speed for 25 min. The pellet was then re-washed 138 
with distilled water, and centrifuged at high speed for 15 min. After discarding the 139 
supernatant, the remaining pellet was freeze-dried prior to storage at -20ºC.  140 
 141 
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2.3. Archaeol analysis 142 
 143 
Quantification of archaeol was achieved according to the protocol of McCartney et al. 144 
(2013a). In summary, around 300 mg of dried, ground faeces and total rumen contents 145 
were weighed in triplicate, and around 200 mg of the dried LAM or SAM fraction 146 
was weighed singly. An internal standard 1,2-di-O-hexadecyl-rac-glycerol (43.4 µg) 147 
was added to the weighed samples prior to extraction. The total lipid extract (TLE) 148 
was extracted using a modified monophasic extraction procedure, followed by 149 
removal of sugar- and phosphate-head groups by acid methanolysis. The TLE was 150 
chromatographically separated over an activated silica column to isolate a fraction 151 
containing hydroxylated compounds, which were analysed as the corresponding 152 
trimethylsilyl ethers by GC/MS. Archaeol was identified on the basis of its 153 
characteristic mass spectrum and retention time, and quantification was achieved by 154 
using the internal standard and an external calibration curve of 1,2-di-O-phytanyl-sn-155 
glycerol normalized against the internal standard. 156 
 157 
2.4. Statistical analysis 158 
 159 
One sample of rumen contents was lost prior to analysis, so all data from this cow-160 
period were excluded from subsequent analysis, hence there were 6 replicates for 161 
PRG and 5 replicates for WC.  Analysis of variance for effects on archaeol, rumen 162 
contents (kg), DM of rumen contents, rumen DM (kg), NDF concentrations and 163 
rumen pH were conducted using residual maximum likelihood (REML) analysis of 164 
linear mixed models with ‘diet’ × ‘time’ as fixed effects and ‘period’ + ‘cow’ as 165 
random effects. ‘Time’ was defined as either morning (approx. 9am) or afternoon 166 
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(approx. 3pm). ‘Diet’, ‘time’ and their interaction each used one d.f., there were 2 d.f. 167 
for period and 3 d.f. for cow, leaving 15 residual d.f. REML was also used to analyse 168 
milk yield and composition data with ‘diet’ as a fixed effect and ‘period’ + ‘cow’ as 169 
random effects. In this case there were 1 d.f. for diet, 2 d.f. for period, 3 d.f. for cow 170 
and 5 residual d.f. Comparisons of archaeol concentration in the different fractions 171 
used REML, with sample type as a fixed effect (1 d.f. for sample type and 22 residual 172 
d.f.). A repeated measured analysis of variance (procedure AREPMEASURES) was 173 
applied to rumen ammonia and VFA data with 12 time points, with ‘diet’ × ‘time’ as 174 
fixed effects and ‘period’ + ‘cow’ as random effects. Simple linear regression analysis 175 
was also used to explore relationships between archaeol concentrations with rumen 176 
pH. All statistical analyses were carried out using Genstat (14th Edition, VSN 177 
International Ltd). A P-value of <0.05 was considered significant, and a P-value of 178 
<0.1 was considered a trend. 179 
 180 
3. Results 181 
 182 
The chemical composition of feeds is provided in Table 1. The WC had a high CP 183 
content, low NDF content and was highly digestible, whereas the PRG diet also had a 184 
relatively high CP content, but had moderate levels of NDF and was moderately 185 
digestible. The average milk yield was 26.4 kg/d (SD = 4.17), and the average milk 186 
fat, protein and lactose content of the milk was 3.38 % (SD = 0.50), 3.06 % (SD = 187 
0.23) and 4.47 % (SD = 0.13), respectively. There were no significant effects of 188 
dietary treatments on milk yield and composition  189 
 190 
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All of the rumen measurements were significantly affected by the diet consumed, 191 
though in the case of faecal archaeol concentration, this was most evident as a 192 
significant ‘diet’ × ‘time’ effect (Table 2). Animals grazing WC had a lower pH, 193 
lower total rumen volume and lower NDF content in their rumen contents than 194 
animals grazing PRG. Total volume of rumen contents was also affected by ‘time’, 195 
being higher for the 3pm measurements compared to the 9am measurements.  196 
 197 
There were significant effects of diet on rumen ammonia-N and VFA concentrations 198 
(Table 3). The higher VFA concentrations reflect the higher rate of fermentation of 199 
WC in comparison with PRG (Dewhurst et al., 2009), whilst the higher rumen 200 
ammonia-N also reflects the higher N content of WC. Sampling time only affected 201 
concentrations of ammonia, propionic acid and iso-valeric acid, and there were no 202 
significant ‘diet’ × ‘time’ interactions. 203 
 204 
The average coefficient of variation for the archaeol triplicate measurements for total 205 
rumen contents and faeces was 7.79% (SD = 0.55). The concentrations of archaeol 206 
(mg/kg DM) found in total rumen contents, faeces, and SAM and LAM fractions are 207 
presented in Table 4. Faeces contained the highest concentration of archaeol, followed 208 
by the SAM fraction, total rumen contents, and then the LAM fraction. Archaeol 209 
concentration in the SAM fraction was significantly higher than in the LAM fraction 210 
(LAM = 3.64 mg/kg DM; SAM = 6.67 mg/kg DM; SED = 0.587; P < 0.001). 211 
Archaeol concentration in the faeces was significantly higher than in the total rumen 212 
contents (total rumen contents = 4.60 mg/kg DM; faeces = 11.08 mg/kg DM; SED = 213 
0.7224; P < 0.001). There was no significant relationship between faecal archaeol and 214 
total rumen archaeol concentrations (P = 0.521). 215 
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 216 
Regression analysis showed a significant relationship between average rumen pH and 217 
archaeol concentration in the SAM (Figure 1), and LAM fractions (Figure 2). There 218 
were no significant relationships between average rumen pH and total archaeol 219 
concentration in the whole-rumen contents (WRC) (P = 0.130) or faecal archaeol 220 
concentration (P = 0.687).  221 
 222 
4. Discussion 223 
 224 
4.1. Rumen measurements 225 
 226 
Conditions in the rumen were altered when animals grazed predominantly on WC 227 
instead of PRG. The lower NDF content of the white clover herbage was paralleled by 228 
lower concentrations in the total rumen contents. WC also led to significantly lower 229 
average rumen pH at both sampling times. The lower pH with WC is probably due to 230 
the effect of high fermentation rates and subsequent higher VFA production (Van 231 
Kessell and Russell, 1996; Lana et al., 1998). VFA concentrations were also higher 232 
for WC in this study. Much of the removal of VFAs by passive diffusion through the 233 
rumen epithelium is a consequence of rumen movements, which is triggered by the 234 
presence of particulate matter in the rumen (Lana et al., 1998). Less efficient removal 235 
of VFAs on a WC diet could be explained by the reduced amounts of ruminal digesta 236 
and therefore VFAs can accumulate in the rumen and reduce pH further. Another 237 
explanation for lower pH could be the reduced levels of rumination and saliva 238 
production with WC (Rutter et al., 2002).  239 
 240 
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4.2. Archaeol in rumen digesta 241 
 242 
Concentrations of archaeol in rumen digesta showed a significant ‘diet’ by ‘time’ 243 
interaction. This effect is probably related to the diurnal grazing patterns and the 244 
different rumen conditions associated with PRG or WC diets. Cows tend not to graze 245 
at night and have a major grazing bout after morning milking (Rutter et al., 2002), so 246 
morning samples include a lot of material that has been in the rumen overnight, whilst 247 
the afternoon samples include relatively much more recently-ingested herbage. The 248 
low concentrations of archaeol in the afternoon for cows grazing WC suggest that 249 
methanogens proliferated more slowly with this diet. This may be the consequence of 250 
a number of factors, including the lower pH, lower NDF or higher rumen passage 251 
rates. Whilst we may expect higher DMI for legumes (Dewhurst et al., 2009), intake 252 
was not recorded in this study and the absence of milk production responses suggests 253 
that any increase would have been modest. In this study, the pH of the rumen contents 254 
for animals grazing WC was at the lower end of the normal range, which would 255 
inhibit methanogens (Janssen, 2010) with a smaller and less active population as a 256 
consequence (Van Kessell and Russell, 1996). Furthermore, the high passage rate of 257 
legumes from the rumen (Dewhurst et al., 2009) restricts the opportunity for 258 
methanogens to colonize the feed substrate. Higher growth rates are required for 259 
methanogens to maintain themselves in the rumen at higher passage rates (Janssen, 260 
2010). 261 
 262 
4.3. Comparison of archaeol concentration in SAM and LAM 263 
 264 
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There was a higher concentration of archaeol, and by implication methanogens, in the 265 
SAM fraction in comparison with the LAM fraction. This is in agreement with the 266 
qPCR studies of Gu et al. (2011), Pei et al. (2010) and Morgavi et al. (2012) that 267 
reported a higher abundance of methanogens associated with the solid rather than the 268 
liquid fraction.  269 
 270 
The lower abundance of methanogens in the LAM fraction in this study probably 271 
reflects the difficulties of methanogens establishing and proliferating in the liquid 272 
phase. This is because methanogens are most efficient when located closely to 273 
symbiotic fermentative microbes in a matrix (Conrad et al., 1985) as it is required for 274 
them to carry out ‘interspecies hydrogen transfer’ which is important for 275 
methanogenesis and consequent growth of methanogens (Van Nevel and Demeyer, 276 
1996). However, the liquid-phase lacks particulate (or matrix) material on which these 277 
associations could occur. Furthermore, the rate of passage of the liquid fraction from 278 
the rumen is higher than for the solid fraction (typical values being 7.5 vs. 3.5% h-1, 279 
respectively; Evans, 1981a,b). This may affect methanogen abundance in the liquid 280 
fraction as methanogens are slow growing (Pei et al., 2010) and therefore they may 281 
not have time to proliferate before they are effectively ‘washed out’ from the rumen. 282 
 283 
4.4. Comparison of archaeol concentration in faeces and isolated microbial 284 
fractions 285 
 286 
Faeces had a higher concentration of archaeol (mg/kg DM) than the SAM and LAM 287 
fractions. This was unexpected as pure microbial fractions should contain much 288 
higher levels of methanogens (and archaeol) than faeces. It is unlikely that hindgut 289 
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fermentation would have contributed to the archaeol content in faeces, as a previous 290 
study by Gill et al. (2010) found no detectable levels of archaeol in the faeces of 291 
animals that carry out extensive hindgut fermentation (i.e. horses). In addition, the 292 
contribution of archaeol by non-methanogenic Archaea is also possibly negligible, as 293 
studies have found <0.05% non-methanogenic Archaea in the rumen (Shin et al., 294 
2004; Lee et al., 2012). One explanation for the discrepancy is that there must be 295 
other methanogen fractions in the rumen that are not represented by LAM or SAM. 296 
For instance, protozoa losses could occur when the rumen contents were strained 297 
through the cheesecloth, as the pore size of cheesecloth is typically around 50 µm, 298 
whereas protozoa can range 15 to 250 µm (Mould et al., 2005). Loss of protozoal 299 
associated methanogens could be considerable, as it is estimated that methane 300 
production from protozoa-associated methanogens is as much as 37% (Finlay et al., 301 
1994). The main source of the discrepancy, however, is likely to be the inefficient 302 
detachment of solid-adherent micro-organisms from rumen solids. Legay-Carmier and 303 
Bauchart (1989) used diaminopimelic acid (DAPA) as a bacterial marker and found 304 
that 50-60% of rumen bacteria could not be detached from rumen solids. Furthermore, 305 
very fine particles (<0.1 mm) were associated with 70-80% of total rumen bacteria, of 306 
which only 12-15% of bacteria could be extracted. Similarly, Martín-Orúe et al. 307 
(1998) found that only 17-21% of bacteria could be extracted from the solid fraction 308 
of rumen digesta. The colonisation of methanogens on feed is mostly in association 309 
with bacteria, so failure to isolate the bacterial population could also mean that 310 
methanogens were not isolated. This problem is exacerbated because bacteria and 311 
archaea associated with small particles that have been present in the rumen for a 312 
longer period of time are most likely to leave the rumen via the reticulo-omasal orifice 313 
(Poppi et al., 1981). 314 
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Since methanogens are slow growing, it seems possible that there would be higher 315 
levels on small particles that have been present in the rumen for longer – further 316 
exacerbating the under-sampling of archaea. Sampling of SAM and LAM at a single 317 
time of day (9am) is a limitation of this study, which could explain some of the 318 
discrepancy in archaeol concentration between microbial fractions and faeces; future 319 
work should consider diurnal variation in the composition of SAM and LAM.  320 
Furthermore, the archaeol concentrations in the faeces are more likely to be associated 321 
with methanogen concentrations in digesta in the reticulum (i.e. that is about to leave 322 
the reticulo-rumen) as opposed to concentrations in the WRC. This is because digesta 323 
from the reticulum is very similar to that found in the duodenum (Hristov, 2007) and 324 
no further selective retention of particles occurs after this site (Ahvenjärvi et al., 325 
2001). 326 
 327 
4.5. Comparison of archaeol concentration in whole rumen contents and faeces 328 
 329 
There was no significant relationship between archaeol concentration in whole rumen 330 
contents and faeces, even at the individual animal level. Furthermore, there were 331 
significant differences between observed faecal archaeol concentrations and 332 
‘expected’ faecal archaeol concentrations (obtained by adjusting the total rumen 333 
archaeol for the estimated digestibility of the feed (Table 1) and disappearance of feed 334 
post-rumen (Agricultural Research Council, 1980)). The expected and actual faecal 335 
archaeol concentrations were 9.12 and 11.4 mg/kg DM respectively for the PRG diet, 336 
and 8.60 and 10.7 mg/kg DM respectively for the WC diet. Faecal archaeol was 337 
approximately 25% higher than expected. Both of these observations point to the lack 338 
of a strong relationship between the population of methanogens present in the rumen 339 
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and the numbers of methanogens leaving the rumen. Possible explanations for this 340 
effect could include differences in the selective retention of digesta (and thus 341 
methanogens) in the rumen. A number of factors could influence this selectivity, 342 
including diet, dry matter intake, protozoal population size and physiological effects 343 
(e.g. stage of lactation; McCartney et al., 2013b). Another potential reason for higher 344 
faecal archaeol concentrations is the heterogeneous nature of the rumen contents. 345 
Ahvenjärvi et al. (2001) argued that a heterogeneous distribution of rumen microbial 346 
markers in different particle size fractions would lead to incorrect total rumen 347 
estimates. In particular, inconsistent distribution of the very fine particles (< 0.1 mm) 348 
which tend to settle in the reticulum (Hristov, 2007) could skew microbial abundance 349 
estimates as they make up 70-80% of total rumen bacteria (Legay-Carmier and 350 
Bauchart, 1989). Variation in the abundance of microbes within different sites in the 351 
rumen may explain why there was no clear relationship between TRC and faecal 352 
archaeol concentrations. It is likely that archaeol concentrations from reticulum 353 
digesta would have a better relationship with faecal archaeol concentrations because 354 
the reticulum contains a higher proportion of material that is ready to be expelled 355 
from the rumen.  356 
 357 
4.6. Relationships between archaeol concentration in microbial fractions and 358 
rumen pH 359 
 360 
There was a strong relationship between rumen pH and the concentration of archaeol 361 
in SAM, with a weaker relationship found for the concentration of archaeol in LAM. 362 
These results are in agreement with a previous study by Hook et al. (2011) who 363 
showed a positive correlation between rumen pH and methanogens per grams of wet 364 
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weight (pgww) for rumen solids (P = 0.018; R2 = 0.97), but no relationship between 365 
pH and methanogens pgww in rumen fluids. It was clear there was an inhibition of 366 
methanogens by lower pH in these fractions. This may have been caused by the 367 
reduced dehydrogenase activity of the fermentative bacteria via the increased partial 368 
pressure of hydrogen in the rumen. As a consequence, less products of fermentation 369 
(i.e. CO2) would have been available to the methanogens for growth (Janssen, 2010). 370 
 371 
Variation in relationships between archaeol concentration and rumen pH for the 372 
different fractions may be related to differences in the composition of the cell 373 
membrane. For example, some methanogens may contain a higher proportion of 374 
tetraethers in their cell membrane (Schouten et al., 2013). Furthermore, we have 375 
shown significant effects of diet forage/concentrate ratio on the archaeol/tetraether 376 
ratio in faeces (McCartney et al., 2013d). In theory, the methanogens could adapt their 377 
membranes to contain more tetraethers in more ‘challenging’ rumen environments in 378 
order to minimise the loss of protons and thus conserve energy. In this case, the liquid 379 
fraction may contain a higher proportion of tetraethers in order for the slow-growing 380 
methanogens to survive with a higher flow rate through the rumen. 381 
 382 
The poorer relationship between pH and archaeol concentration in LAM may be due 383 
to the considerably lower abundance of methanogens associated with the fluid 384 
fraction. Alternatively, it may be that SAM are more sensitive to the effects of the WC 385 
diet and low pH. Interestingly, no significant effect of pH was seen for archaeol 386 
concentration in the WRC. This may be because methanogens in the loosely-adherent 387 
SAM and LAM fractions are more sensitive to changes in the rumen than 388 
methanogens found elsewhere such as protozoa and small, highly digested particles. 389 
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For example, protozoa have a stabilizing effect on pH (Veira et al., 1983) so effects 390 
will not be as large. In addition, the high density of microbes in the small, highly 391 
digested particles may exhibit a protective mechanism against pH. For example, Li et 392 
al. (2001) found that a higher density of microbes and the production of biofilms 393 
improved cell survival when exposed to low pH.  394 
 395 
5. Conclusions 396 
 397 
The quantification of archaeol from the ruminant digestive tract has provided an 398 
insight into the abundance and kinetics of methanogens when animals were 399 
consuming a WC based diet in comparison to a PRG diet. The combination of the 400 
assumed higher passage rates (Dewhurst et al., 2009) and low rumen pH for the WC 401 
diet reduced archaeol concentrations in all samples studied, and particularly affected 402 
archaeol concentration in SAM. Archaeol concentrations in the isolated microbial 403 
fractions were lower than expected, which highlights the importance of representative 404 
rumen sampling and the efficient extraction of methanogens from the feed.  405 
 406 
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Figure captions 533 
Figure 1. Relationship between rumen pH and the concentration of archaeol (mg/kg 534 
DM) in the liquid- and solid-associated microbial fraction  535 
 536 
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 Figure 1. 539 
Relationship between rumen pH and the concentration of archaeol (mg/kg DM) in the 540 
liquid- and solid-associated microbial fraction  541 
 542 
Table 1. Chemical composition of the feeds used in this study 543 
 544 
Component (g/kg DM, unless 
stated otherwise) 
Perennial 
ryegrass 
White 
clover 
Concentrates 
DM (g/kg) 113 94.0 870 
OM 899 886 914 
NDF 486 231 279 
ADF 269 211 142 
Ether extract 30.6 19.9 54.1 
Crude protein (N×6.25) 216 309 200 
Starch - - 283 
Neutral cellulase-gammanase 
digestibility 
- - 823 
Digestible organic matter 663 749 - 
Water-soluble carbohydrates 96.1 51.0 89.2 
